Abstract: Robust vibration control of critical flexible modes in flexible mechanical structures is crucial for synergistic integration of R&D and manufacturing of modern mechatronic systems. In this paper, an adaptive non-model-based control is implemented to the piezoelectric (PZT) actuated flexible structure for enhanced vibration suppression on critical flexible modes in mechatronic systems. The strain signal of the PZT actuators is extracted by a self-sensing circuit and used in the adaptive feedback term along with a PID control to directly compensate for the vibration of the PZT-actuated flexible structure. The adaptive scheme, which is derived based on a simple energy function, ensures elimination of the control/observer spillover and stability of the closed-loop system. Extensive simulations and experiments have been conducted to evaluate the effectiveness of the adaptive scheme in vibration suppression on the critical flexible modes of the PZT-actuated suspension in a commercial dual-stage hard disk drive. The implementation results show that the adaptive scheme is robust against flexible mode fluctuations, and the vibration suppression performance is greatly improved.
INTRODUCTION
The performance of a mature mechatronic product highly relies on the optimal integration of mechanical structures, electrical components, computational units, and control systems, while it is constrained by the manufacturing cost. With the rapid developments of mechanical, electrical, and computational techniques, the modern mechatronic systems become more precise in structures, more accurate in signal communications, and more powerful in data processing. As such, continual improvements in control techniques for increasing the servo bandwidth and enhancing the vibration suppression capability are essential to optimize the performance of the mechatronic systems.
Usually, the control system design begins with the identification of the mathematical model of the physical structure, and a model-based controller is then designed to achieve desired performance (Fardanesh and Rastegar [1990] and Yuh [1987] ). The model-based controllers are easy to design with simulation software, however, their performances are highly dependent on the accuracy of the mathematical model. For example, the residual flexible modes of the mathematical model are not controllable, which will cause the control/observer spillover (Kim and Inman [2001] ), and degrade the stability and performance of the control system (Balas [1978] ). In addition, due to the loss of high frequency dynamics and nonlinear dynamics of the mathematical model, the robustness of these model-based controllers is severely limited. On the other hand, to facilitate the real-time implementation in mechatronic systems, high-order controllers with large computational time-delay are not desired. To overcome the above-mentioned problems, improved control schemes were developed accordingly. Controllers based on the partial differential equations were developed for vibration control of flexible robot arms, including direct strain feedback (Lou [1993] ), quasitracking approach ), and nonlinear vibration feedback control ), etc. A nonmodel-based robust control was proposed in (Ge et al. [1996] ), which was derived based on a simple energy function instead of the mathematical model. To achieve the tradeoff between performance and control effort consumption, an adaptive scheme was later incorporated with the non-model-based control in (Lee et al. [2001] ).
The demand for mechatronic products with high-speed, high-precision, and low energy consumption has motivated the usage of PZT-actuated micro-structures which play important roles in fine positioning for high density data storage device (Tagawa et al. [2003] ) and vibration suppression for flexible structures (Bailey and Hubbard [1985] ). The critical flexible modes of the PZT-actuated micro-structures are usually at high frequency range and beyond the compensation of the servo bandwidth, which leads to a challenging problem in vibration control on these flexible modes. Notch filters are unable to suppress the structure vibration excited by external disturbances on the critical flexible modes, and the phase-stabilized design (Kobayashi et al. [2003] ) requires the in-phase property of the flexible modes for enhanced vibration suppression. A PZT sensor was added on the PZT-actuated suspension to actively damp the vibration on the critical flexible modes in (Li et al. [2003] ), and a LQR controller was designed to enhance the vibration suppression in flexible structures in (Zhang et al. [2008] ).
To enhance the robustness of the vibration control schemes against external disturbances and plant uncertainties, robust stability conditions for vibration control of flexible structures were proposed in (Chou et al. [1998] ). The sliding mode control was adopted to robustly control the vibration of the flexible structures with PZT-actuators in (Choi et al. [1997] ). However, all the states of the control system including the unmeasurable states are required in conducting the sliding mode control, and the problem of control/observer spillover still exists.
In this paper, the adaptive non-model-based control (Lee et al. [2001] ) is applied to the PZT-actuated microstructure in mechatronic systems. The control objective is to effectively suppress the vibration on the critical flexible modes of the PZT-actuated micro-structure. The strain signal of the PZT-actuators is obtained by a self-sensing circuit and used in the adaptive feedback term to directly compensate for the vibration. Based on a simple energy function, the adaptive scheme is independent of plant dynamics, which eliminates the control/observer spillover and ensures the stability of the closed-loop system. The rest of the paper is organized as follows. Section 2 gives the derivations of the adaptive non-model-based control and the proof of closed-loop stability based on a simple energy function. Section 3 describes the basic properties of the PZT-actuated micro-structures. Section 4 discusses the application of the adaptive scheme to the PZT-actuated suspension for vibration suppression on the critical flexible modes of the flexible suspension. The effectiveness of the adaptive scheme is evaluated by extensive simulations and experiments. Section 5 condenses the main conclusions and targets the future works.
CONTROLLER DESIGN
In this section, the derivations of the adaptive non-modelbased control based on a simple energy function of a general independent system 1 are presented. The stability of the closed-loop system with the adaptive scheme is proven as well.
Basic Energy Function
Refer to the energy conservation law, the total energy change in an independent system must be equal to the works done by external inputs. For motion control problems, only the kinetic energy and potential energy are considered which can be expressed as 1 As given in a general form, the adaptive non-model-based control can be applied to many control systems. One application of the adaptive scheme was introduced in Jalili et al. [2002] , where similar derivations of the control can be found. (1) where E k (t) and E p (t) are the total kinetic and potential energy of the independent system at time t, respectively. E k (0) and E p (0) are the initial (t=0) kinetic and potential energy of the independent system, respectively. v(τ ) anḋ w(τ ) are the general form of external input and velocity of the independent system, respectively. The energy function is explicit and only the final and initial states are considered in calculating the energy change in the independent system. Taking time derivatives on both sides of (1), we havė
(2)
Adaptive Scheme
The adaptive non-model-based control v(t) is designed as the combination of a PID control and an add-on adaptive feedback term, which is expressed as
where k p , k i , and k d are positive gains for proportional, integral, and derivative control, respectively. w r is the constant reference position, and f (t) can be any variables related to the deformation of the controlled plant. The condition on choosing f (t) is that it must be zero when the controlled plant is static without deformation. k f is the control gain of the add-on adaptive feedback term which should be appropriately chosen, because a large value of k f leads to better transient performance but undesired highgain control, and vice versa. The tradeoff can be achieved
where the positive constant α is related to the updating rate of k f , while positive constant β is introduced to avoid divergence of the integral gains in the presence of disturbance, and achieve the control system insensitivity against plant uncertainties. With the β−term, Y s (t) acts as a first order filter of αY s (t)ẇ(t)f (t) t 0ẇ
(τ )f (τ )dτ and thus it will not diverge.
Note that PID control is used in (3), instead of PD control from the schemes introduced in Lee et al. [2001] and Jalili et al. [2002] . To accommodate the extra term, the adaptive law for the integral gain is introduced as:
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The block diagram of the control system with the add-on adaptive scheme is shown in Fig. 1 . The base-line loop is stabilized by a PID control C(z), and the feedback signal is the position output w(t). The add-on loop utilizes an adaptive feedback gain k f and the deformation signal f (t) from the controlled plant to achieve improved control performance. Fig. 1 . Block diagram of the control system with the addon adaptive scheme.
Closed-loop Stability
The stability of the closed-loop system with the adaptive scheme is proved using the following Lyapunov function
With (3), the time derivative of V (t) is expressed aṡ
Substituting the control (3), the adaptive tuning law (4) and (5), into (7) yieldṡ
which is negative semi-definite, i.e., the closed-loop control system is energy dissipative and stable. Since the stability condition (8) is independent of system dynamics, the control system is robust against plant uncertainties.
PROPERTIES OF PZT-ACTUATED MICRO-STRUCTURES
PZT-actuated micro-structures generally possess light weight, high working bandwidth, and simple input/output relationships, and are widely used in mechatronic systems for fine-positioning and vibration suppression applications. In this section, the properties of a typical PZT-actuated micro-structure are described mathematically. An example of a flexible suspension driven by two PZT actuators is illustrated in Fig. 2 . The PZT-actuated suspension is modeled as an ideal beam with thickness h, width b, and length L for simplicity but without loss of generality. The two PZT actuators are bonded at the bottom of the suspension and have thickness, width, and length of h p , b p , and L p , respectively. The electromechanical equations of the PZT material (Dosch and Inman [1992] ) are written as
where S, T , D, and E P are the strain, mechanical stress, electric displacement (charge density), and electrical field, respectively. s E and represent the elastic compliance and the permittivity of the PZT material, respectively. d and e are the PZT constants. From (10), the uniform electric field E p in the PZT actuators can be written as
The voltage measured across the PZT actuators can be obtained by multiplying (11) with the PZT thickness b p , which can be expressed as
where A=L p ×h p is the side area of the PZT actuators. D=q a /A, eS=q p /A, and C=( A)/b p are the charge density due to applied voltage, polarization charge density due to strain, and capacitance of the PZT actuators, respectively. As can be seen from (12), the voltage measured across the PZT actuators is the sum of two charge sources; the charge q a which is due to the input voltage, and the charge q p which is proportional to the strain of the bending PZT actuators.
In our application, only the external input voltage v(t)
is applied on the PZT actuators as shown in Fig. 2, i.e., the mechanical inputs are not considered. When a control voltage v in is applied to the PZT actuators, the suspension is actuated to provide displacement w(t). The voltage v p generated from the strain of the PZT-actuators is proportional to w(t), and can be extracted from v in using a self-sensing circuit as shown in Fig. 3 . The details of the self-sensing circuit can be found in (Hong et al. [2010] ) and are omitted here for brevity. 
INDUSTRIAL APPLICATION
In this section, the proposed adaptive non-model-based control in (3) is applied to the PZT-actuated suspension in commercial dual-stage hard disk drives. Our control objective is to effectively suppress the structural vibrations at frequencies of critical flexible modes of the PZT-actuated suspension, and simulations as well as experiments are conducted to evaluate the effectiveness of the proposed adaptive scheme.
Simulation
The proposed adaptive scheme is simulated on the identified mathematical model of the PZT-actuated suspension as shown in Fig. 4 . Fig. 4 , it can be seen that there are three critical flexible modes in the suspension, where the structural vibrations are easily excited by external disturbances. Notch filters 2 are used along with PID control in the base-line loop to achieve desired bandwidth and nominal stability. The strain signal of the PZT actuators (which is required in the adaptive scheme) is not available in the simulation. Here, we assume that the strain signal is proportional to the displacement of the suspension, i.e.,
where k n is a positive constant gain which relates the strain f (t) of the PZT actuators to the displacement of the suspension. The adaptive non-model-based control v(t) can then be rewritten as
The PID controller is discretized at a sampling frequency of 60 kHz as
Note that both k f and k i should be tuned adaptively. For our simulations and experiments, only k f is updated to simplify the control structure and computations required. A sinusoidal signal of frequency 5.4 kHz and 0.01 V in amplitude is used as the output disturbance to excite the critical flexible mode at 5.4 kHz of the suspension as shown in Fig. 4 . The parameters of the adaptive controller are chosen as k n =0.2, (α, β)=(1, 30), and measurement noise is not included in the simulation. The vibration suppression performance with and without the proposed adaptive scheme is shown in Fig. 5 . With the proposed adaptive scheme, the vibration suppression performance is improved by 50% as compared to conventional PID control.
The performance of the adaptive scheme and the stability of the closed-loop system are highly dependent on the choice of (α, β). In fact, it is noted that α≤β, or the adaptive gain k f will diverge after some time. In addition, a large α will also enhance the transient performance and gain attenuation for vibration suppression.
The natural frequencies of the critical flexible modes at 5.4 kHz, 16 kHz, and 21 kHz are perturbed by ±10% of their nominal values, and the corresponding gain attenuation in the sensitivity transfer function is listed in Table 1 . It can be seen that the proposed adaptive scheme is robust against fluctuations of natural frequencies of the critical flexible modes. 
Experiment
In current commercial dual-stage HDDs, a PZT-actuated suspension is mounted on the voice-coil-motor (VCM) for fine positioning of the Read/Write (R/W) heads. However, vibrations of the critical flexible modes of the suspension are easily excited, which degrade the servo performance and closed-loop stability. In this section, the proposed adaptive scheme with self-sensing capabilities are applied to enhance the vibration suppression performance of the PZT-actuated suspension in a commercial dualstage HDD.
The experimental setup is shown in Fig. 6 . The PZTactuated suspensions are bonded on the base-plate of the VCM, and the setup is placed on a vibration-free table.
The Laser Doppler Vibrometer (LDV) is used to measure the lateral displacement of the tip of the suspension, and the proposed indirect self-sensing circuit is used to extract the strain signal of the PZT actuators. The proposed adaptive non-model-based control algorithm is implemented in dSPACE using a sampling frequency of 60 kHz, and the computed control signal is input to the PZT actuators through a PZT amplifier. In the experiment, we choose(α, β)=(1, 30), and a sinusoidal signal of frequency 5.4 kHz and amplitude 0.01 V is used as the output disturbance. Performance of the vibration suppression capabilities with/without the proposed adaptive scheme is shown in Fig. 7 3 . From Fig. 7 , it can be seen that the vibration suppression performance is improved by 50% as compared to the conventional baseline PID control. The larger overshoot in the transient state for the experimental result in Fig. 7 as compared to to the simulation result in Fig. 5 is due to different choices of loop gains for velocity and strain feedback signals as shown in Table 2 . The loop gains are recommended to be around 10 in experiments, to reduce the settling time of the transients in vibration suppression. The magnitudes of the sensitivity transfer functions with and without the proposed adaptive scheme are plotted in Fig. 8 . It should be noted that Fig. 8 is measured at steady-state, i.e., after the proposed adaptive scheme has converged at each frequency. From Fig. 8 , it can be seen that more gain attenuation can be obtained at the frequencies of the critical flexible modes, resulting in stronger vibration suppression at these frequencies using the proposed adaptive scheme. 
CONCLUSIONS AND FUTURE WORKS
In this paper, an adaptive non-model-based controller is proposed and implemented on a PZT-actuated suspension in mechatronic systems for enhanced vibration suppression of critical flexible modes. The proposed adaptive scheme employs a base-line PID control and an add-on adaptive feedback term, and the strain signal of the PZT actuators was obtained by a self-sensing circuit. Our simulation and experimental results using the proposed schemes show improved gain attenuation at frequencies of the critical flexible modes with essential robustness. Our future work includes improving the design of the strain-sensing circuit for better transient performance when using the proposed adaptive scheme.
